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Introduction
The search for physics beyond the standard model is a wide spread activity in accelerator and non-accelerator physics. Among all the searches for new physics, total lepton number violation plays an important role. The golden channel to search for total lepton number violation is neutrinoless double beta decay (Z, A) → (Z + 2, A) + 2e − (0νββ decay).
(
For recent reviews see [1, 2, 3] . Any Beyond Standard Model (BSM) physics allowing ∆L = 2 processes can contribute to the decay rate. It has been shown [4] that its observation would imply that neutrinos are their own antiparticles (Majorana neutrinos) which is an essential ingredient for leptogenesis, explaining the baryon asymmetry in the universe with the help of Majorana neutrinos (see for example [5] ). However, it is unknown how much individual BSM processes contribute to the double beta decay rate.
To observe 0νββ decay, single beta decay has to be forbidden by energy conservation or at least strongly suppressed. For this reason only 35 potential double beta minus emitters exist. As the phase space for these decays scales strongly with the Q-value, searches are using only those nuclides with a Q-value above 2 MeV, reducing the list to 11 candidates. Lower limits on half-lives beyond 10 25 years of the neutrino less mode have been measured for the isotopes 76 Ge and 136 Xe [6, 7, 8] . In addition, the allowed process of neutrino accompanied double beta decay (Z, A) → (Z + 2, A) + 2e − + 2ν e (2νββ decay) (2) will occur. It is the rarest decay measured in nature and has been observed in more than ten isotopes. However, in both cases the measured quantity is a half-life, which is linked to the phase space G and nuclear transition matrix elements M . In case of 2νββ decay the matrix element is purely Gamow-Teller (GT) and the relation is
which does not require any BSM particle physics, as opposed to 0νββ decay. The halflife measurements of 2νββ decay is important for understanding the nuclear structure since it will provide valuable information on the nuclear matrix elements which can be directly compared with theory. Equivalent processes to double beta minus decay with the emission of two electrons could occur on the right side of the mass parabola of even-even isobars. 34 nuclides are candidates for this process. Three different decay modes are possible involving β + decay and electron capture (EC)
Decay modes containing an EC emit X-rays or Auger electrons created by the atomic shell vacancy in the daughter nuclide. Decay modes containing a positron have a reduced Q-value as each generated positron accounts for a reduction of 2 m e c 2 in the phase space. Thus, the largest phase space is available in the ECEC mode and makes it the most probable one. However, the ECEC is also the most difficult to detect, only producing X-rays (or Auger electrons) and two neutrinos in the final state instead of 511 keV γ-rays resulting from the decay modes involving positrons. Furthermore, it has been shown that β + EC transitions have an enhanced sensitivity to right-handed weak currents (V+A interactions) [9] and thus would help to disentangle the physics mechanism of 0νββ decay, if observed.
In the 0νECEC mode there are only X-rays (or Auger electrons) and if there is no other particle in the final state this would violate energy and momentum conservation. It was suggested that the energy is released radiatively as a single internal radiative bremsstrahlung γ-ray, two γ-rays, an e − e + -pair or an internal conversion electron [10, 11] . In this case the rate is reduced by several orders of magnitude due to the additional radiative coupling and half-lives in the order of 10 29 to 10 32 yr have been predicted for various isotopes assuming an effective neutrino mass of 1 eV [12] . However, a potential resonance enhancement for 0νECEC is expected for isotopes in which the final state of the daughter nuclide is energetically degenerated with the ground state of the mother within a few 100 eV. This may lead to an up to 10 6 times faster rate [12, 13, 14] .
This ). An illustration of the different decay modes is shown in Fig. 1 . Depending on the shells the electrons are captured from, the energy of the γ-ray emitted in the radiative 0νECEC decay modes can vary by a few keV. The dominant orbital is always the s-orbital in a given shell due to its finite probability of presence at the nucleus. This work investigates several decay modes with captures from the s-orbital of the K and L shells. The energy of the X-rays (or Auger electrons) is 11.10 keV due to a vacancy in the K shell and 1.41 keV due to a vacancy in the L shell [15] . The Coulomb interaction between the two holes slightly changes the energy of the system compared to two individual single electron capture cases. This has been quantitative estimated in Ref. [16] for a variety of double electron capture candidates and is typically well below 1 keV. This effect is well included in the systematic uncertainty of the energy calibration of the Ge-detector.
Additionally, the 2 + 2 state at 1204.205(7) keV has been considered for a possible resonance enhancement. This decay mode was investigated in the past in Ref. [17, 18] and most recently in Ref. [19] . Unfortunately, a more precise Q-value measurement of 1209.240(7) keV [20, 21] seems to disfavor a non-radiative resonant transition and a new half-life of 5 · 10 43 yr with 1 eV effective neutrino mass has been calculated [20] . Recent measurements have set limits of 0.55 · 10
19 yr [17] and 1.5 · 10 19 yr [18, 19] , though the latter limit seems unrealistic when comparing it to the sensitivity of the experiment, as shown later.
The de-excitation of the 2 + 2 state can follow two branches (Fig. 1 ). In the first branch with (68.5±1.4)% probability two γ-rays with energies of 595.9 keV and 608.4 keV are emitted. In the second branch only one γ-ray with an energy of 1204.3 keV is emitted [22] . Hence, the potential signal from the non-radiative resonant 0νECEC transition is expected to produce three peaks in the energy spectrum that correspond to the three γ-rays. The third peak corresponding to 1204.2 keV γ-ray additionally includes a small contribution of less than 10% from the summation of the 595.9 keV and 608.4 keV γ-rays.
Experimental Setup and Data
The measurement was performed in the Felsenkeller Underground Laboratory in Dresden, Germany, with a shielding of 110 m.w.e. rock overburden reducing the muon flux to 0.6 · 10 −3 cm −2 s −1 [23] . A sample of 2503.6 g selenium grains was used which is a large subset of the sample used in the measurement of Ref. [18, 19] .
74 Se has a natural abundance of 0.89% translating into an isotopic mass of 20.9 g of 74 Se within the sample. The sample was filled into a standard Marinelli beaker with an inner recess fitting onto the end cap of an ultra low background HPGe detector with a relative efficiency of 90 % routinely used for gamma spectroscopy measurements. A schematic drawing of the arrangement can be seen in Fig. 2 . The detector is surrounded by a 5 cm copper shielding embedded in another shielding of 15 cm of low activity lead. The inner 5 cm of the lead shielding has a specific activity of (2.7 ± 0.6) Bq/kg 210 Pb while the outer 10 cm has (33 ± 0.4) Bq/kg. The spectrometer is located in a measuring chamber which is an additional shielding against radiation from the ambient rock. Furthermore, the detector is constantly held in a nitrogen atmosphere to avoid radon. The data is collected with a 16384 channel MCA from ORTEC recording energies up to 2.8 MeV resulting in a calibration slope of about 0.17 keV/channel. The energy resolution is 0.24% FWHM@595 keV and 0.15% FWHM@1204 keV. More details can be found in [24, 25] . The sample was measured for 35.29 days corresponding to an exposure of 88.35 kg·d.
The efficiency calibration was performed by a mixture of analytically pure SiO 2 , the reference materials RGU and RGTh from IAEA [26] and KCl. Those activity standards contain specific activities of (107.0 ± 0.3) Bq/kg 238 U, (113.0 ± 1.2) Bq/kg 232 Th and (106.9 ± 2.1) Bq/kg 40 K respectively. The calibration sources were filled in an identical container as used for the selenium sample. Thus, calibration source and measuring sample differ only in their self absorption behaviour.
The full energy detection efficiencies for γ-rays from the selenium sample was determined with Monte Carlo (MC) simulations based on Geant4. The detector geometry was implemented in the code framework MaGe [27] developed for particle propagation at low energies. Events of the signal process were generated using a modified version of Decay0 [28] with updated branching ratios for the 2 + 2 state and including the angular correlation between the emitted γ-rays. The code was validated with the calibration source in the same geometry as the selenium sample. For γ-lines in the range of 0.5−1 MeV, the relative difference of detection efficiency between MC and calibration measurement is on average less than 10%. For the resonant decay to the 2 + 2 state the efficiencies for γ-rays with energies of 595.9 keV and 1204.2 keV were determined as (1.85 ± 0.19) % and (0.75 ± 0.08) % relative to one decay of a source nuclide including the branching ratio and summation effects. Contributions to the uncertainty come from the MC statistics (1%), systematic uncertainties of MC processes and geometries (10%) and the packing density of the selenium sample (3%). The measured energy spectrum can be seen in Fig. 3 . The background γ-lines in the regions of interest (ROI) around 595.9 keV and 1204.2 keV are at 609.3 keV and 1238.1 keV from 214 Bi and at 583.2 keV 208 Tl. Especially the 609.3 keV background γ-line is very close to the 608.4 keV signal γ-line and can not be separated with the given energy resolution. Hence, this γ-line was not considered for analysis.
Analysis
A Bayesian analysis with the help of the Bayesian Analysis Toolkit (BAT) [29] is used to extract information about the signal count expectation for the various decay modes from the spectrum. The analysis is described exemplary for the resonant 0νECEC into the 2 + 2 state. Results for the other decay modes are obtained analogously.
Fit procedure
A combined spectral fit of the energy spectrum in the two regions of interest (ROI) around the 595.9 keV and 1204.3 keV γ-lines is performed. The data is binned with a bin width of about 0.17 keV, which corresponds to the width of the MCA channels. Both fit regions are chosen so that no background peaks are included. The first ROI is defined as [585, 607] Bi. The same ranges are used for the other decay modes. Those choices allow that the spectrum in each ROI can be described by an extended p.d.f. P (E|p) consisting of a Gaussian signal peak and a linear background component:
where E is the energy and p is the set of parameters consisting of E S being the signal peak position, µ S the signal count expectation, σ the energy resolution and b 0 and b 1 the parameters describing the linear background polynomial. The expectation of the signal counts is connected to the inverse half-life via
where N A is Avogadro's constant, a 74 the abundance of 74 Se, m Se the molar mass of natural selenium, M the mass of the selenium sample and the full γ-ray detection efficiency. The probability of the data when combining both ROI is written as the product of Poisson probabilities of each bin:
where n denotes the data, r the ROI, N r the number of bins in ROI r and n r,i the number of counts in bin i of ROI r. The expected number of counts λ r,i in bin i of ROI r is obtained by integrating P (E|p) over the energy range of the bin. By applying Bayes theorem the posterior probability P (p|n) is obtained which can be reduced to P (T 
Results
The results for all the considered decay modes are compiled in Tab. 1. Additionally, they are discussed in the following. (Fig. 1) . The γ-line at 608.4 keV is not considered for the analysis because of the 214 Bi background γ-line in its proximity. The full energy detection efficiencies including the branching ratio are 1.9% for the 595.9 keV γ-ray and 0.7% for the 1204.2 keV γ-ray.
The data shows a slight upward fluctuation of events at the position of the 591.2 keV peak and a downward fluctuation at the position of the 1204.2 keV peak, when compared to the background level. The maximum of the combined posterior probability P (p|n) is found at a value for T −0.7 cts/keV respectively. However, the zero signal case is included in the smallest 68% interval of P (T −1 1/2 |n) which is shown for this decay mode as well as for all other decay modes in Fig. 4 . The 90% quantile used to calculate the lower half-life limit is indicated with vertical arrows. A lower half-life limit of T 1/2 > 0.70 · 10 19 yr (90% credibility) is extracted for the 0νECEC resonant decay of 74 Se. The influence of the systematic uncertainties reduces the limit by about 1.3%. The energy spectrum around the ROI including the best fit and the limit are shown in Fig. 5 . 0νECEC radiative to ground state: One signal peak in the second ROI at 1196.7 keV for the KL capture and 1206.4 keV for the LL capture is expected from this decay mode. The detection efficiency for this energy is 2.2%. The posterior probability P (p|n) peaks at a value corresponding to about 7 counts and 21 counts respectively. For the LL capture, the zero signal case is outside of the smallest 95% interval, but still inside the 99.7% interval. The probability for the zero signal case is still reasonably high enough so that it can not be rejected. Lower half-life limits of 0.96 · 10
19 yr (KL capture) and 0.58 · 10
19 yr (LL capture) are obtained with 90% credibility. The latter limit is Figure 4 . Marginalized posterior probability density of the inverse half-life for all decay modes. The 90% quantile of the distribution is indicated with vertical arrows and used to set the lower half-life limit. best fit 90% C.L. limit 68.0% probability band 95.0% probability band 99.7% probability band Figure 5 . Energy spectrum in the both regions of interest for the resonant transition into the 2 + 2 state. Shown is the combined best fit (blue line) and the 90% credibility limit (red line). The color bands show the central 68%, 95% and 99.7% intervals for the Poisson probability of the counts in each bin with the expectation value given by the best fit.
considerably lower because it is negatively affected by the upward fluctuation. Both limits are about a factor 1.5 higher than previous limits of 0.64 · 10 19 yr (KL) and 0.41 · 10
19 yr (LL) [17] .
0νECEC radiative to 2
This decay mode features a signal γ-line at 595.9 keV from the de-excitation γ-ray of the 2 + 1 state. Additionally, a second peak from the internal bremsstrahlung γ-ray at 591.2 keV (KK), 600.9 keV (KL capture) and 610.6 keV (LL capture) is expected. The 610.6 keV γ-line is inseparable from the 214 Bi background γ-line and is not used for the analysis. The detection efficiency for these γ-rays is 2.7%, which is higher than for the 2 state is expected, with a relatively high detection efficiency of 3% due to no branching and no summation effects. The maximum of P (p|n) corresponds to an expectation of about 11 counts in the signal peak hinting at a slight upward fluctuation compared to the background. A lower limit of 0.92 · 10 19 yr could be extracted, which improves the previous best limit of 0.77 · 10
19 yr [17] by 16%.
The results for this decay mode are the same as for the resonant transition to the 2 + 2 state, due to the identical signature of the de-excitation γ-ray cascade. This also applies for the best previous limit.
Discussion
The half-life limit for the 0νECEC resonant transition found in this work is lower than the quoted limit of 1.5 · 10
19 yr in Ref. [19] . However, when comparing the experimental parameters, the current work has a substantially lower background level and a higher detection efficiency which indicates a significant improvement of sensitivity compared to Ref. [19] . Even so the statistical extraction of the half-life limit T 1/2 differs between the two analyses, a simple sensitivity estimates T sens. 1/2 of the measurements can be quantitatively compared based on only few experimental parameters. Those parameters are the sample mass m, the measuring time t, the detection efficiency and the background rate B (in units of counts per keV, day and kg sample mass) which are shown in Tab. 2 for this work and the recent measurements in Ref. [17, 18, 19] for the case of the 595.9 keV γ-line. We re-evaluated the T sens.
1/2 of these measurements using the definition T sens.
∆E which is designed to compare different experiments [30] . R is the γ-line branching ratio and ∆E is the energy window of the peak window. The isotope specific factor α is taken as ln 2 · N A · a Se74 · /(1.6 · m Se ) = 2.9 · 10 22 kg
with N A as Avogadro's constant, a Se74 the isotopic abundance of 74 Se and m Se the molar mass of natural selenium. The factor of 1.6 is necessary for a confidence level of 90%. T sens.
1/2 and the quoted half-life limits are compared in the last two rows of Tab. 2. In Ref. [17] a Bayesian approach is adopted including all three γ-lines for the 0νECEC resonant transition. The re-evaluated T sens.
1/2 is in agreement with the published limit. In Ref. [18] the method of setting a limit is not given. The published value is 3 orders of magnitude larger than T sens.
1/2 and thus unphysical. The value was corrected in Ref. [19] but remains overestimated by a factor of 30 compared to T sens.
1/2 . In Ref.
[19] a similar Table 2 .
Comparison of the parameters of the experiment for the 595.9 keV γ-line of the resonant transition into the 2 + 2 state presented in this work with previous searches published in [17, 18, 19] . The background rates of [17, 18] were estimated from the spectra included in those publications. The sensitivities T definition of the sensitivity as T sens.
1/2 is interpreted as the half-life limit. We find again a factor of 20 discrepancy between the published value and the re-evaluated sensitivity. The published limits cannot be explained by the statistical treatment of the data and are thus doubtful. For this reason we reject the results from Ref. [18, 19] and consider the obtained limit in the present work as experimentally more robust and trustworthy. It is thus the currently most stringent limit for the 0νECEC resonant transition of 74 Se.
Summary and conclusions
A search for double electron captures of 74 Se has been performed into the 595.9 keV and 1204.2 keV state as well as into the ground state of 74 Ge. No significant signal was detected for any of the decay modes. Lower half-life limits have been obtained which are up to a factor 1.5 larger than previous limits. The limit for the resonant decay to the 1204.2 keV state was found as 0.70 · 10 19 yr (90% credibility). Apparently no resonance enhancement is visible. The realization of a resonance enhancement is anyhow strongly disfavored by precision Q-value measurements using Penning-traps [20, 21] . The obtained half-life limit is lower than the published results in Ref. [18, 19] ; however, severe issues have been identified with the analysis and the results are not used for comparison. For this reason we consider the obtained limit in this paper more robust and trustworthy and the most stringent limit for 74 Se.
